Plasma functionalization of graphene is one of the facile ways to tune its doping level without the need for wet chemicals making graphene photoluminescent. Microscopic corrugations in the two-dimensional structure of bilayer CVD graphene having a quasi-free-suspended top layer, such as graphene ripples, nanodomes, and bubbles, may significantly enhance local reactivity leading to etching effects on exposure to plasma. Here, we discovered that bilayer CVD graphene treated with nitrogen plasma exhibits efficient UV-green-red emission, where the excitation at 250 nm leads to photoluminescence with the peaks at 390, 470, and 620 nm, respectively. By using Raman scattering and spectroscopic ellipsometry, we investigated doping effects induced by oxygen or nitrogen plasma on the optical properties of singleand bilayer CVD graphene. The surface morphology of the samples was studied by atomic force microscopy. It is revealed that the top sheet of bilayer graphene becomes perforated after the treatment by nitrogen plasma. Our comprehensive study indicates that the dominant green emission is associated with the edge defect structure of perforated graphene filled with nitrogen. The discovered efficient emission appearing in nitrogen plasma treated perforated graphene may have a significant potential for the development of advanced optoelectronic materials. arXiv:1911.08351v1 [cond-mat.mtrl-sci] 
Introduction
Graphene composed of sp 2 bonded carbon atoms arranged in a two-dimensional honeycomb lattice structure exhibits fascinating and exotic properties, being the thinnest and strongest ever known material, impermeable to gases, showing record stiffness, etc. Graphene is a zero-bandgap semiconductor, where Dirac electrons propagating in the lattice effectively lose their mass, which also leads to outstanding electrical characteristics such as high electron mobility and conductivity. These outstanding transport properties represent the most explored aspect of graphene physics attractive for its application in various electronic devices [1] [2] [3] . However, due to the lack of a bandgap in the electronic spectrum of graphene, the possibility of observing light emission or photoluminescence (PL) from the high-quality graphene is highly unlikely. The PL property of graphene can be derived by tuning the bandgap by doping with various reactive functional groups. If subjected to functionalization by fluorine [4] , oxygen [5, 6] , nitrogen [7] , or hydrogen [8] graphene is highly promising for high-performance electronics and optoelectronics [5, 9, 10] . In addition, reducing the size of a graphene sheet down to a scale of 1 nm, one can obtain isolated graphene clusters, or graphene quantum dots (GQDs), which may have large bandgaps due to the finite number of atoms in the clusters tuned by the GQD size [11] [12] [13] [14] [15] . GQDs are considered to be the next generation carbon-based nanomaterials, which have attracted much attention in bio-imaging, light-emitting, and photovoltaic applications [16] [17] [18] [19] [20] .
Functionalization of graphene and GQDs can be done by chemical and physical methods. In 1958 Hummers and Offeman developed a basic chemical oxidation method by reacting graphite with a mixture of potassium permanganate (KMnO 4 ) and sulfuric acid (H 2 SO 4 ) [21] . Most commonly, graphene oxide (GO) sheets are exfoliated from graphite flakes, and as-synthesized GO is insulating [19, 20] . GO prepared by the chemical functionalization contains various reactive oxygen functional groups, primarily epoxides (C 2 O) and hydroxyls (C-OH) on the basal plane, as schematically shown in figure 1(a) , with a very low amount of carboxylic acids (HCO 2 ) and carbonyl (in the form of water molecule H 2 O) at the sheet edge (not shown). In contrast to as-synthesized GO, partially oxidized graphene, where the main oxygen functional groups are in the form of epoxides, is conductive [22, 23] . In turn, graphene functionalization with nitrogen may lead to the formation of N-graphene (NG), where three bonding configurations with carbon atoms, including pyridinic N, pyrrolic N, and quaternary N (or graphitic N) dominate inside the pristine graphene lattice [24] , as schematically shown in figure 1(b). Specifically, pyridinic N bonds with two carbon atoms at the edges or defects of graphene and in quaternary N nitrogen atoms substitute three carbon atoms in the hexagonal ring, where they are sp 2 hybridized, whereas pyrrolic N is bonded into a five-membered ring and is sp 3 hybridized, which induces a local buckling. Nitrogen doped graphene can be prepared by the modified Hummers method [25] and the following ammonia (NH 3 ) heat treatment process. The N content (of about 2.8 at.%) in the chemically synthesized NG is relatively low [26] . The higher N content up to 8.9 at.% is reported for NG obtained in direct CVD synthesis [27] . However, the methods for the production of large-area N-graphene are still lacking. Physical methods of functionalization of graphene include plasma treatment (as post treatment), which is one of the facile ways to tune the intrinsic properties of graphene without using wet chemicals to make graphene photoluminescent. However, most plasma treatments lead to surface doping only. It was shown that PL emission can be induced in a mechanically exfoliated single-layer graphene flake exposed to oxygen/argon (1:2) RF plasma treatment (with the plasma strength: 0.04 mbar and 10 W) during an exposure time of one hour [4] . The plasma induced PL emission was tempted to be interpreted as coming from the small formed sp 2 domains (or GQDs) with an average size of ∼1 nm. However, finally, its origin was referred to CO-related defects created by the plasma treatment. The multilayer graphene remained nonluminescent following the plasma treatment [4] . When graphene is placed into nitrogen plasma, carbon atoms can partly be replaced by nitrogen atoms, and this occurs more probably at the defects and edges of graphene grains or flakes. Then, the low doping level in processing with nitrogen plasma may be attributed to the low defect concentration in the high quality graphene. According to the earlier studies, the reached N content, which can be controlled by the plasma strength and exposure time, varies from 3 to 8.5 at.% [28, 29] . Other nitrogen doping methods include Ndoping of graphene, for example, through electrothermal reactions with NH 3 [30] , by performing the arc discharge of graphite electrodes in the presence of H 2 , He, and NH 3 [31] , by controlled electrochemical deposition [32] , etc.
Here, we concentrate our attention on the morphology aspects in plasma treatment of graphene, which have not yet been fully explored. It is well known that freely suspended graphene has "intrinsic" ripples, nanodomes, and bubbles [33] [34] [35] [36] [37] [38] [39] . The existing microscopic corrugations have nanosized lateral dimensions and a height displacement of about 0.7 to 1 nm. The bigger ripples may attain even 2-3 nm in height resulting, in particular, in strain-induced local conductance modulations [40, 41] . The curved regions leading to local bonding distortions could result in some sp 3 orbital character, as well as in the π-orbital misalignment, which is expected to significantly increase the local reactivity in the process of graphene functionalization [42] [43] [44] . Then, microscopic corrugations in the two-dimensional structure of freely suspended graphene, as well as those appearing in the process of transfer of CVD-grown graphene sheets to a substrate [45] , can give rise to enhanced etching effects occurring on exposure to plasma. Since the graphene rippling can be strongly suppressed by the interfacial van der Waals interactions in single-layer CVD graphene supported by substrate, in bi-or few-layer CVD graphene, where the adjacent graphene sheets are only weakly interacting due to the enlarged interlayer distance, the morphology aspects [34] [35] [36] [37] may become important. This may also lead to a strong dependence of the plasma etching kinetics on the number of layers [46] .
Herein, by using several optical experimental techniques, namely, Raman scattering (RS), spectroscopic ellipsometry (SE), and photoluminescence PL, we studied the optical properties of the single-and bilayer graphene (SLG and BLG) samples exposed to oxygen (with the plasma strength: 0.06 mbar and 20 W) and nitrogen (0.34 mbar and 20 W) plasmas with an exposure time of 90 s at room temperature. In addition, the AFM technique was applied to investigate the effect of post treatment with oxygen or nitrogen plasma on the surface morphology of SLG and BLG grown by the CVD method and transferred to a SiO 2 /Si substrate. The Raman spectra of the SLG samples exhibit an equivalent plasma treatment effect identifying a significant introduced doping level, as reported for a mechanically exfoliated SLG flake exposed to oxygen/argon (1:2) RF plasma (0.04 mbar, 10 W, 1 s) [4] . The optical conductivity spectra obtained using the multilayer modeling of the measured SE response in the effective medium approximation (EMA) indicate that the SLG sheets are only partially functionalized. We observed that PL emission induced in the SLG samples (SLG/SiO 2 /Si)is relatively weak and most probably can be associated with defective structures containing carbon vacancies and epoxides (for O 2 plasma treatment) or pyridinic (for N 2 plasma treatment) functional groups. The observed downshifts of the main Raman modes indicate that bilayer CVD graphene has a quasi-free-suspended top layer. According to the SE study, the top BLG sheet treated under the applied oxygen plasma conditions is practically unaffected. In contrast, the strongly decreased extinction coefficient and effective optical conductivity indicate a significantly increased porosity of the top BLG sheet treated with nitrogen plasma. Here, we have discovered efficient UV-green-red emission from the BLG samples (BLG/SiO 2 /Si)exposed to the nitrogen plasma treatment, where excitation at 250 nm leads to the PL emission with the peaks at 390, 475, and 620 nm. It has been confirmed by the present AFM study that an upper sheet of bilayer CVD graphene has a complex morphology and the applied nitrogen plasma conditions lead to its partial etching. As a result of partial etching, the top sheet of BLG acquires a perforated structure and a network of graphene edge defect states is formed. In this case, carbon atoms can easily be replaced on a network of graphene edges by nitrogen radicals, as schematically shown in figure 1(c). Our comprehensive study suggests that the dominant green emission may be associated with the edge defect structure of a quasi-free-suspended layer of perforated graphene filled with nitrogen, which determines the observed PL properties.
Experimental
Graphene was synthesized by chemical vapor deposition (CVD) at 1020 • C on 25 µm Cu foil sheets (99.999% Alfa Aesar, 12 × 30 cm 2 ) using a mixture of methane and hydrogen. The as-synthesized graphene on copper was spin coated with a thin layer of polymethyl methacrylate (PMMA) for 1 min to produce a 2 µm PMMA layer. The sample was then annealed at 120 • C for 10 min to cure the polymeric carrier. The graphene layer on the back side of the copper sheet was removed in oxygen plasma (60 W power for 10 min). The sample was then placed on the surface of the copper etchant CE-100 for etching for 40 min, and then for washing in two DI water baths for 20 min each. Finally, the PMMA supported graphene was transferred one time (single-layer graphene (SLG)) or two times (bilayer graphene (BLG)) onto a SiO 2 (300 nm)/Si(100) substrate. PMMA was removed in acetone in an ultrasonic bath for 20 min. Graphene was washed with 30% HCl (60 • C) for 30 min to remove the residual Fe 3+ ions of the copper etchant. Samples of SLG and BLG were treated in a plasma unit with an exposure time of 90 s at room temperature in oxygen plasma (0.06 mbar and 20 W) or in nitrogen plasma (0.34 mbar and 20 W).
Surface morphology of SLG and BLG on SiO 2 (300 nm)/Si(100) substrates was studied at room temperature by atomic force microscopy (AFM) using an ambient AFM (Bruker, Dimension Icon) in the Peak Force Tapping mode with ScanAsyst Air tips (Bruker; k = 0.4N/m; nominal tip radius 2 nm).
Polarized Raman spectra were recorded using a Renishaw Raman RM-1000 Micro-Raman spectrometer with CCD detection. The measurements were performed in a backscattering geometry at room temperature. The 514.5 nm line of an Ar + ion laser was focused to a spot size of about 2 µm. Standard notch filters were applied for Raman shifts > 200 cm −1 .
Dielectric function response of the samples of SLG and BLG was investigated in a wide photon energy range of 0.02-8.5 eV by variable-angle spectroscopic ellipsometry using an IR-VASE Mark II Ellipsometer and a J.A. Woollam VUV-VASE Gen II spectroscopic ellipsometer. The room-temperature ellipsometry measurements were performed for at least three incident angles, usually at 65 • , 70 • , and 75 • . Additionally, the corresponding ellipsometry measurements were performed on the blank SiO 2 (300 nm)/Si(100) substrate. The measured ellipsometric angles, Ψ(ω) and ∆(ω), were simulated via multilayer dielectric modeling using the WVASE32 software package. The applied dielectric model, in addition to SLG and BLG sheets and the SiO 2 /Si substrate, included Cauchy layers between the substrate and graphene sheets. From the simulation, the complex dielectric function,ε(ω) = ε 1 (ω) + iε 2 (ω), of the studied single-and bilayer CVD graphene was extracted. The optical conductivity, σ 1 (ω), was calculated by using the equation σ 1 (ω)= 1 4π ωε 2 (ω). Room-temperature PL and photoluminescence excitation (PLE) spectra were measured on the samples of SLG and BLG in a right-angle scattering geometry using a setup equipped with an SPM 2 grating monochromator (Carl Zeiss). The PL was excited with the light from a high-pressure Xe lamp filtered through a double-grating Jobin-Yvon DH 10UV monochromator. The emission was detected in the spectral range from 350 nm (3.54 eV) to 870 nm (1.46 eV) with a cooled RCA 31034 photomultiplier (with a GaAs photocathode) operating in the photon-counting mode. The PL emission spectra were taken with a spectral resolution of 6 nm and corrected for the apparatus spectral dependence. The PLE spectra were referred to a constant flux of excitation light over the whole studied spectral range.
Results and Discussion
To investigate the surface morphology of graphene sheets grown in this study by the CVD method and transferred onto a SiO 2 /Si substrate one time (for a SLG sample) or two times (for a BLG sample), as well as to examine possible plasma etching effects, we used the AFM approach. The AFM images of a bare SiO 2 (290 nm)/Si(100) substrate and that of a SLG sample are presented in figures S1(a) and (b) (of the supplemenrtary online information (stack.iop.org/TDM/00/000000/mmedia)). From the acquired AFM scans, the estimated root-mean-square (RMS) roughness of the SiO 2 /Si substrate is about 0.5 nm, whereas the examined SLG sample demonstrated slightly higher RMS roughness of about 0.6 nm. From inspection of the SLG boundary, the average evaluated SLG height with respect to the SiO 2 /Si substrate level is about 0.7 nm (see Figure  S1 (c) and inset). Figures 2(a) and (d) show 3 × 3 µm 2 AFM images of two BLG samples: that of as-transferred original one and that of exposed to the nitrogen plasma treatment (for more details see the 600 x 600 nm 2 zoom area in figures 2(b) and (e)). In comparison to the examined SLG sample, the original BLG sample has noticeably larger RMS roughness of about 1.0 nm. In the AFM image (figure 2(b)) one can see that the upper BLG sheet is represented by the topmost level shown in the yellow contrast and the bottom level depicted in the light-brown and brown contrasts. It follows from the height histogram analysis that the topmost level lies above in height by about 1.2 nm on the average ( figure 2(c) ). This is consistent with the complex morphology of the structure previously reported for CVD-grown graphene sheets wettransferred onto a SiO 2 /Si substrate [45] and can be associated with the presence of nanopockets of intercalated water, residual PMMA and other residues from the used solvents (acetone and HCl, see Section 2) trapped between the adjacent CVD graphene sheets. In addition, in the AFM image one can distinguish the dark-brown and black contrasts, which correspond to one-layer-deep holes existing in the upper BLG sheet. Then, from the height histogram, the average estimated distance between the upper and lower graphene sheets in the BLG sample is about 0.7-1.0 nm. Meantime, the estimated RMS roughness of the BLG sample treated with nitrogen plasma is about 0.5 nm and is well consistent with the RMS roughness of the bare SiO 2 /Si substrate. Its height histogram is better fitted with two Gaussians (see figure 2(f) ). In the AFM image, the upper BLG sheet is represented by the light-brown and brown contrasts corresponding to a fractal-like percolating structure, which occupies about 82% of the surface area. The rest area is held by one-layer-deep cavities with the transverse lateral size of about 10-20 nm, which are represented by the dark-brown and black contrasts. It is important that the topmost level, which is clearly recognized in the original BLG sample, is absent in the BLG sample treated with N 2 plasma. Thus, from the present AFM study we can conclude that (i) the presence of nanopockets of intercalated water or other solvents trapped between the adjacent CVD graphene sheets during wet-transfer to a SiO 2 /Si substrate leads to the pronounced rippling effects on the upper original BLG sheet and (ii) the nitrogen plasma treatment (with the plasma strength 0.34 mbar and 20 W) with the exposure time of 90 s leads to etching of the ripples, nanodomes, and bubbles [34] [35] [36] [37] . At the same time, according to our AFM study, the applied oxygen plasma conditions (with the plasma strength 0.06 mbar and 20 W) with the exposure time of 90 s lead to weaker etching effect of the upper BLG sheet at room temperature (see figure  S2(a-c) ).
The as-transferred original and exposed to O 2 or N 2 plasma SLG and BLG samples were characterized by Raman spectroscopy. Their representative Raman spectra are shown in figures 3(a-c). The predominant D, G, and 2D features observed in the RS at about 1320-1350, 1570-1584, and 2640-2680 cm −1 , respectively, have been discussed widely in the literature [5, 6, [47] [48] [49] [50] [51] . According to the earlier studies, the G band originates from the first-order RS and is associated with the doubly degenerate zonecenter E 2g phonon mode. The D and 2D bands are due to the first-and second-order Figure 3 . Typical room-temperature Raman spectra of CVD grown SLG and BLG (a) as-transferred onto the SiO 2 (300 nm)/Si(100) substrate, (b) exposed to O 2 plasma, and (c) exposed to N 2 plasma. The laser excitation wavelength is 514.5 nm.
zone-boundary phonons, respectively. However, contrary to the 2D band, the D mode requires defects to be activated. In addition, the D' band may appear at 1602-1625 cm −1 arising from the intravalley defect-induced double-resonance process. Therefore, an increase in the intensity of the D and D' peaks associated with phonon scattering at defect sites indicates the presence of defects. The D peak is relatively weakly pronounced in the Raman spectra measured on the studied original SLG and BLG samples and the D' peak can hardly be distinguished there as well, which indicates the insignificant imperfectness of the CVD grown graphene ( figure 3(a) ). This is further supported by fairly narrow widths of the observed Raman bands. Note that the 2D peak in the original BLG sample is located at lower wavenumbers than in the original SLG sample (see figure 3(a) ). This is in contrast to the situation expected for n-layer graphene, where the 2D peak shifts to higher wavenumbers with increasing the number of layers [3] . In our case, the observed downshift of the 2D peak from 2682 cm −1 in SLG to 2669 cm −1 in BLG (see figure 3 (a), with more details presented in figures S3(a) and (d) of the Supplementary online information) indicates that bilayer CVD graphene has a quasi-free-suspended top layer. Indeed, it is reported that the two-phonon 2D mode of the free-standing graphene monolayers is downshifted in frequency compared to that of the supported regions [52] . The downshift can be also noticed for the G, D and D' peak positions in original BLG with respect to their positions in original SLG (see figures S3(a) and (d) of the Supplementary online information).
In addition, from the previous studies, it is established that the intensity ratio of the D and G bands (I D /I G ) is inversely proportional to the in-plane cluster size L a in poly-and nanocrystalline graphites: I D /I G =C(λ)/L a , where C(514.5 nm) ≈4.4 nm [50, 51, 53, 54] . Evidently, the introduction of vacancies and O-or N-related defects into the graphene lattice will lead to the smaller crystallite size. From the Raman spectrum of as-transferred CVD SLG shown in figure 3(a) , we have I D /I G = 0.41 and the estimated in-plane cluster size L a ≈ 11 nm. In O 2 and N 2 plasma treated SLG (see figures 2(b) and (c)) we obtain noticeably higher I D /I G values of 2.4 and 1.7, and the estimated L a sizes are ≈ 1.8 and 2.6 nm, respectively. The I D /I G intensity ratio for doped graphene increases, and the D' peak becomes clearly pronounced. This gives evidence for a sizable amount of defects introduced by O 2 and N 2 plasma treatment in SLG, which most probably can be associated with defective structures containing carbon vacancies and epoxides (for O 2 plasma treatment) or pyridinic (for N 2 plasma treatment) functional groups. In addition, the intensity ratio I 2D /I G has been used to characterize the doping level. Indeed, it has been reported that I 2D /I G depends on the electron or hole densities [55] . In SLG exposed to the O 2 and N 2 plasma treatment (see figures 3(b) and (c)), we have I 2D /I G values of 0.36 and 0.24, respectively, indicating that the doping level is higher than 4 × 10 13 cm −2 [55] , that is of about 10%. On the other hand, one can see that on the quasi-free-suspended upper BLG sheets (see figure 3(a-c) ), the 2D-mode intensity is significantly enhanced, while the G mode is only slightly higher than that in SLG supported on an oxide-coated silicon substrate. Recent theoretical studies suggest that an enhanced intensity of the 2D mode in doped graphene results from reduced electron-electron scattering [56] . One can notice that the D mode measured on the upper BLG sheet exposed to O 2 or N 2 plasma treatment has a lower intensity than that in O 2 or N 2 treated SGL. This can imply somewhat lower introduced defect density in the plasma treated BLG samples. Moreover, it should be noted that an additional disorder can come in BLG from ripples, edges of the perforated graphene structure, and other defects. Figures 4(a) and (b) present the optical conductivity for as-transferred and exposed to O 2 or N 2 plasma SLG and BLG, respectively, simulated by multilayer models in EMA from the ellipsometric angles measured in the wide spectral range using the J.A. Woollam VASE software [57] . In accordance with the theoretical and experimental studies [58] [59] [60] , the effective optical conductivity spectrum, σ 1 (λ) , obtained for as-transferred SLG (see figure 4 (a)) exhibits several key features. In the near-IR spectral range of 830-2500 nm the optical conductivity associated with Dirac fermions is well described by the universal value πe 2 /2h, where e is the electron charge, c is the speed of light, and h is Planck's constant [59, 60] . With decreasing wavelength σ 1 steadily grows in the visible spectral range, while in the UV range it exhibits the pronounced peak at E ex = 277 nm (4.5 eV). This feature arises from the interband transition in graphene from the bonding to the antibonding π state near the saddle-point singularity at the M point of the Brillouin zone [58] . The observed excitonic band has an asymmetric line shape with higher absorption at the longer wavelengths, which is attributed to strong attractive electron-hole interactions of the quasiparticles near the 2D saddle point singularity. We found that the exciton peak noticeably decreases as a result of O 2 or N 2 plasma treatment, and the whole excitation band becomes strongly renormalized exhibiting pseudogap-like behavior near 800 nm. These effects may be associated with screening of additional charges introduced by plasma treatment. Figure 4(b) shows the effective optical conductivity σ 1 for the upper sheet of as-transferred and exposed to O 2 or N 2 plasma BLG. It follows from the figure that N 2 plasma has a pronounced effect on σ 1 of the upper BLG sheet and its effective optical conductivity is strongly suppressed in the whole investigated spectral range. In addition, the EMA simulation indicates higher porosity in the morphology of the upper BLG sheet treated with N 2 plasma in comparison to the as-transferred upper BLG sheet. According to the present AFM study, the applied oxygen plasma conditions leads to weaker etching of the upper BLG sheet than nitrogen plasma (see figure 2 (d-f) and S2(a-c)). However, the effect of O 2 plasma on σ 1 of the upper BLG sheet cannot be seen from figure 4(b) . We suggest that this can be explained by somewhat different morphology of the original and O 2 plasma treated BLG samples. Indeed, the effective optical conductivity σ 1 of the as-transferred upper BLG sheet is approximately two times larger in the near-IR spectral range than that of the as-transferred SLG sheet, which indicates its complex morphology, as it was investigated by the present AFM study (see figures 2(a-c)). Moreover, the extinction coefficient (k) is usually used to characterize the plasma damage effect [61] . Figures 4(c) and (d) show the extinction coefficient for as-transferred and exposed to O 2 or N 2 plasma SLG and BLG, respectively, obtained from our spectroscopic ellipsometry analysis. In particular, our results for as-transferred SLG are in a fair agreement with those of the previous work where the complex refractive index of large-area polycrystalline CVD graphene was studied by spectroscopic ellipsometry [62] . The extinction coefficient obtained for the visible region k ∼ 1.3 is close to the value of bulk graphite [63] . Deviation of the k values for the as-transferred upper BLG sheet signifies its complex morphology. Similarly, as for σ 1 , N 2 plasma has a pronounced effect on k of the upper BLG sheet, where it is strongly suppressed in the whole investigated spectral range. Figure 5 shows room-temperature PL emission and PL excitation (PLE) spectra of SLG/SiO 2 /Si and BLG/SiO 2 /Si. In the PLE measurements, the spectra were monitored near to the emission peaks. The samples of as-transferred SLG and BLG reveal the similar strongly pronounced PL emission band peaking near 390 nm under the 250 nm excitation. The PL band around 390 nm was also observed from the SiO 2 /Si substrate (for more details see supplementary online information). The present PL measurements indicate that there might be a 10-15% increase in the 390 nm PL intensity for the SLG samples exposed to O 2 or N 2 plasma treatment (see figure 5(a) ). In addition, we found that the SLG samples exposed to O 2 or N 2 plasma exhibits noticeably enhanced PL around 450 nm (see also figures S6(b) and (d) and insets). The PL emission around 450 nm was found to be more pronounced in the N 2 plasma treated SLG samples subjected to the stronger N 2 plasma conditions. The PL signal from the BLG sample subjected to O 2 plasma treatment is very weak (see also figure S6(f) and inset). In contrast, the observed PL caused by N 2 plasma treatment of the BLG sample is by far more pronounced and exhibits clearly different spectral properties. Under the 250 nm excitation, another strongly pronounced emission band peaking at 475 nm appears in addition to the intense PL at 390 nm. Moreover, the observed PL emission is extended far to longer wavelengths up to 800 nm (see figure 5(b) ). In the PLE spectrum registered for the UV emission at 400 nm, there is an excitation band covering the region from 270 nm to 320 nm (see figure 5(d) ). It is not seen in the PLE spectrum of the SLG samples, being exclusive for N 2 plasma treated BLG, as follows from figures 5(c) and (d). The PLE band attains its maximum at the spectral position of the strong exciton peak E ex ∼288 nm (4.3 eV) in the optical conductivity spectrum (see figure 4(b) ). The PLE band intensity monotonously changes with increasing wavelength showing flat featureless behavior in the spectral range from 288 to 310 nm followed by the sharp intensity decrease ( figure 5(d) ). Figures 5(e ) and (f) show the PL spectra of N 2 plasma treated BLG obtained under 250 and 290 nm light excitation, respectively, which are represented by the sum of three main Gaussian bands at 390, 475, and 610-620 nm (here the constant background is subtracted). We note that the PL signal presented in figures 5(b) and (e,f) contains contribution from the SiO 2 /Si substrate. One can follow that an increase in the excitation wavelength up to 290 nm leads to the appreciable emission enhancement from N 2 plasma treated BLG, where the PL band peaking at 475 nm becomes relatively more pronounced. As one can see from figure 5(d) , the corresponding PLE spectrum registered for the green emission at 480 nm demonstrates the similar excitation band covering 275 nm to 310 nm peaking at the strong exciton peak position at E ex ∼288 nm (4.3 eV). These results support the evidence that the PLE band is directly related to the π − π* excitation in graphene arising from the interband transition near the saddle-point singularity at the M point of the Brillouin zone [58] . We note that the PLE band position, which is centered at ∼296 nm (4.2 eV), did not shift with increasing the PL emission wavelength from 400 to 480 nm, as it would be expected if the origin of the observed PL was related to GQDs [15] . We suggest that the discovered PLE band can be attributed to the π − π* excitonic band tail states related to the energy levels arising at numerous edges existing in perforated graphene, including the edges with carbon-nitrogen bonds. Then, the recombination of charge carriers involving these energy levels can lead to the observed UV ( 390 nm) and green ( 475 nm) emission discovered in N 2 plasma treated BLG. Indeed, when graphene is placed into nitrogen plasma, carbon atoms can be partly replaced by nitrogen atoms at the edges of graphene, where pyridinic N, pyrrolic N, and quaternary N (or graphitic N) may exist inside the pristine graphene lattice [24] . The peculiar defect structure arising at the graphene edges will be determined by the applied N 2 plasma conditions. In particular, additional regularities in the structure of defects and/or intercalated nitrogen atoms can give rise to the zone folding and to the to the corresponding replica states in the electronic spectrum of graphene [64] . The associated effects can be relevant to a variety of systems, such as, for example, graphene nanosheets [65] [66] [67] [68] , and should be studied in more detail experimentally and theoretically.
The PL emission found in the SLG samples exposed to O 2 or N 2 plasma, which is observed in the spectral range of about 450-460 nm, is comparatively weak. We suppose that the plasma treatment effect is different in SLG supported by substrate leading to doping in the graphene basal plane, which in turn may lead to changes of the defect structure and their PL properties in the near-interface region. The PL signal from BLG exposed to O 2 plasma treatment is also weak and significantly broadened. According to our present AFM study, the applied oxygen plasma conditions lead to weaker etching effect of the upper BLG sheet at room temperature. In is shown that efficient oxygen plasma etching occurs at elevated temperatures [46] . The defect edge structure will be different in O 2 treated graphene, where a very low amount of carboxylic acids (HCO 2 ) can be created.
Conclusions
In summary, we found that BLG exposed to N 2 plasma exhibits efficient UV-green emission in contrast to a relatively weak UV PL signal registered in SLG exposed to the same N 2 plasma conditions. Our AFM study demonstrated that the upper sheet of BLG has a complex morphology structure peculiar for bilayer CVD graphene having a quasifree-suspended top layer due to intercalated water or wet chemicals trapped between the graphene layers. In addition, the observed downshifts of the main Raman modes indicate that the CVD-grown BLG sample has a quasi-free-suspended top layer. The top layer becomes partially etched during exposure to N 2 plasma, and the perforated graphene is produced. In this case, nitrogen plasma processing at the edges of the perforated graphene is more efficient than doping in the graphene basal plane, the latter being, seemingly, more pertinent to SLG/SiO 2 /Si. The PL spectra of BLG exposed to N 2 plasma show three main emission bands with the peaks at 390, 475, and 610-620 nm. In the PLE spectrum, there is a pronounced excitation band, which turns out to be in the range of the strong exciton peak E ex ∼288 nm (4.3 eV) in the optical conductivity. We suggest that the discovered PLE band can be attributed to the π −π* excitonic band tail states arising due to the existence of numerous edges in perforated graphene. Then, the observed green PL emission can be associated with the edge states in perforated graphene filled with nitrogen [66] . The nitrogen plasma processing of bilayer CVD graphene with the formation of the peculiar defect edge structure may have a great potential for the development of a new class of advanced optoelectronic materials.
